a b s t r a c t Cytochrome P450s are the primary enzymes involved in phase I drug metabolism. They are an important target for early drug discovery research. However, high-throughput drug screening of P450s is limited by poor protein stability and lack of consistent measurement of binding events. Here we present the detection of substrate binding to cytochrome P450-2J2 (CYP2J2), the predominant P450 in the human heart, using a combination of Nanodisc technology and a nanohole plasmonic sensor called nanoplasmonic Lycurgus cup array (nanoLCA). The Nanodisc, a nanoscale membrane bilayer disc, is used to stabilize the protein on the metallic plasmonic surface. Absorption spectroscopy of seven different substrates binding to CYP2J2 in solution showed that they are all type I, resulting in shifting of the protein bands to lower wavelengths (blue shift). Detection on the nanoLCA sensor also showed spectral blue shifts of CYP2J2 following substrate binding. Finite Difference Time Domain (FDTD) electromagnetic simulation suggested that the blue shift on the nanoLCA is because of the hybridization of plasmon polariton Bloch wave and the electronic resonance of the heme group of CYP2J2. We found the plasmonic properties of the nanoLCA sensor to be highly reproducible, which allowed comparisons among the different substrates at different concentrations. Further, due to the unique spectral properties of the nanoLCA sensor, including the transmission of a single color, we were able to perform colorimetric detection of the binding events. These results indicate that a resonance plasmonic sensing mechanism can be used to distinguish between different substrates of the same binding type at different concentrations binding to P450s and that the nanoLCA sensor has the potential to provide consistent high-throughput measurements of this system.
absorbance peak at 417 nm (Soret band) to either shorter wavelengths (blue shift, type I binding) or to higher wavelengths (red shift, type II binding) (Davydov and Halpert, 2008; Guengerich, 2006, 2008; Wells et al., 1992) . Label-free optical devices, such as the photonic crystal (Ganesh et al., 2007) , ring resonator (Iqbal et al., 2010) , interferometer (Lin et al., 1997) , and surface plasmon resonance (SPR) sensor (Piliarik et al., 2009; Rich and Myszka 2000) are especially promising for surface-based drug screening applications, which increase sensitivity and reduce the required sample amount. However, these techniques remain limited by the complex and bulky external optical systems required for signal generation, detection, and analysis.
In addition to SPR, plasmonic biosensing can be accomplished by localized surface plasmon resonance (LSPR) and extraordinary optical transmission (EOT). In LSPR, the electric field near metal nanoparticles is amplified resulting in strong scattering spectra ideal for applications in protein biosensing (Anker et al., 2008; Baciu et al., 2008; Wu et al., 2012) . Unlike SPR, which uses a metallic thin film and prism system, LSPR does not require a complex system in order to couple the light source to the metal dielectric interface (Haes and Van Duyne, 2004) . However, the difficulty in fabricating uniform sensors over a large surface area leads to reduced reliability and limited applications. EOT sensors consist of periodic arrays of nanoholes in metallic thin films (Gordon et al., 2008) . Transmission through these films is orders of magnitude greater than that predicted by classical aperture theory partially due to the excitation of surface plasmon resonances (Escobedo, 2013) . This reliance on SPR has enabled applications including protein binding (Ji et al., 2009) , exosome profiling (Im et al., 2014) , and virus detection (Yanik et al., 2010) . Similar to LSPR, these sensors do not require a complex optical setup, but it is difficult to fabricate uniform devices over a large surface area.
If there is an overlap between the LSPR device resonance and the molecular resonance of a colored adsorbate, then resonance LSPR can result in larger shifts (Haes et al., 2006) . Resonance LSPR has been used to detect drug binding to P450s by measuring the spectral shift of the P450 protein after small molecule binding . The ability to distinguish between type I and type II substrates has been demonstrated using silver LSPR sensors fabricated by nanosphere lithography (Das et al., 2009) . The further development of LSPR detection of substrate binding to P450s requires wafer-scale nanoplasmonic sensors with minimum defects and therefore consistent spectral properties. In addition, while silver nanoparticles have a higher sensitivity, gold nanoparticles are inert, making them more compatible with highthroughput drug screening (Karlsson and Stahlberg, 1995; Zeng et al., 2011) .
Herein we report the application of a gold nanoplasmonic Lycurgus cup array (nanoLCA) sensor to the detection of substrate binding to P450s. The tapered nanohole shape of the nanoLCA has a metal layer (90 nm) at the rim of the holes and at the bottom of the holes (90 nm), providing an intense electromagnetic field at the bottom and top of the nanohole due to LSPR (Gartia et al., 2013) . In addition, during deposition, gold nanoparticles form on the tapered cup sidewalls, contributing to LSPR. The periodicity of nanohole structures also provide surface plasmon polariton-Bloch wave (SPP-BW) due to lattice plasmons. The nanoLCA sensor then operates based on a distinct combination of SPP-BW and LSPR plasmonic properties. Due to the high intensity of LSPR by nanoparticle scattering, the nanoLCA transmission spectrum is characterized by a single peak in the entire visible range.
Crucial parameters characterizing the nanoLCA including the deposited metal layer thickness, height, and pitch have been previously optimized to maximize the sensitivity and minimize the full width half maximum (FWHM) of the transmitted resonance peak (Gartia et al., 2013) . We have previously reported the sensitivity of the gold nanoLCA to be 247 nm RIU À 1 , the figure of merit (FOM) to be 3.3 with a FWHM of 75 nm, and the limit of detection (LOD) to be 7.98 Â 10 À 5 RIU. Here sensitivity is defined
, and LOD is defined as
where λ ∆ is the shift in the plasmon resonance peak, n Δ is the change in the refractive index, w Δ is the FWHM of the plasmon resonance peak, and σ is the standard deviation of noise (0.00986 nm) (Gartia et al., 2013; Hsiao et al., 2015) .
While the nanoLCA can be applied to measure drug binding to any P450, here the detection of substrate binding to cytochrome P450-2J2 (CYP2J2) is demonstrated. CYP2J2 is the most common P450 found in the human heart and its primary role is the metabolism of arachidonic acid (AA) (Delozier et al., 2007; Wu et al., 1996) . This produces epoxyeicosatrienoic acids, which are required for proper cardiovascular function (Spector et al., 2004; Zeldin, 2001) . Additionally, CYP2J2 metabolizes drugs, many of which have been shown to be cardiotoxic. Therefore, it is of interest to know what xenobiotics bind to CYP2J2 in order to assess their interference to AA metabolism.
CYP2J2 is found in the heart and is involved in the metabolism of endogenous fatty acids such as AA and 2-arachidonyl glycerol (2-AG) (McDougle et al., 2014 (McDougle et al., , , 2013 . CYP2J2 is also known to metabolize several drugs and the predominant drugs were chosen for this study (terfenadine, TFN; ebastine, EBA; MSPPOH; danazol, DAN; and doxorubicin, DOX) (Hashizume et al., 2002; Lafite et al., 2007; Lee et al., 2010; McDougle et al., 2014; Zhang et al., 2009) .
Small molecule binding to CYPs is typically assessed using spectral shift titrations . We measure the shift of the Soret at 417 nm to higher or lower wavelength. The extent of this shift is dependent on the substrate. We determined the dissociation constants of each substrate from these shifts as explained in the manuscript. We could not do similar studies with DOX as there is severe spectral overlap between DOX and heme absorbance. We show that we can overcome such difficulties using the nanoLCA sensor.
Most eukaryotic P450s are membrane-bound and outside the cellular environment they tend to denature and become unstable both in solution and when immobilized on surfaces Sligar, 2002, 2003; Sligar, 2003) . In order to circumvent this challenge, we use Nanodiscs to stabilize CYP2J2. Nanodiscs consist of nanosized soluble lipid bilayers held together by membrane scaffold proteins (Denisov et al., 2004; Nath et al., 2007) . The use of Nanodiscs is critical for this study because they ensure that the CYP2J2 will be immobilized on the nanoLCA sensor surface in an active conformation.
We report the measurement of the spectral change of immobilized CYP2J2-Nanodiscs (CYP2J2-NDs) corresponding to the binding of seven different type I substrates at two different concentrations and the comparison of these results with conventional solution-based absorption spectroscopy. The resonance of the nanoLCA sensor occurs in the visible range, allowing detection by a conventional halogen light source and portable spectrometer. We also report the spectral reliability of the nanoLCA sensor, which allows for the assessment of substrate-dependent and concentration-dependent shifts. Finally, we introduce the use of bright-field microscope images in order to detect substrate binding to CYP2J2-NDs on the nanoLCA device.
Materials and methods

Materials
Human CYP2J2 cDNA was obtained from OriGene (Catalog No. SC321730) and modified (Rich and Myszka 2000) . Ampicillin, arabinose, chloramphenicol, IPTG and Ni-NTA resin were obtained from Gold Biotechnology and Sigma. δ-aminolevulinic acid was bought from Frontier Scientific. 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and 1-hexadecanoyl-2-(9Z-octadecenoyl)-sn-glycero-3-phospho-L serine (POPS) were purchased from Avanti Polar Lipids, Inc. AA, 2-AG, and MSPPOH were purchased from Cayman Chemical. Other drugs were purchased from the following companies: MP Biomedical (Danazol), Santa Cruz Biotechnology (Ebastine), and Gold Biotech (Doxorubicin). UV-curable polymer was purchased from Norland Products (NOA-61). All other materials and reagents used were purchased from Sigma and Fisher Scientific.
Recombinant expression of CYP2J2 in Escherichia coli
CYP2J2-D34 was expressed and purified according to previous methods (McDougle et al., 2013; Zelasko et al., 2013) . Briefly, a starter culture of DH5α E. coli cells containing CYP2J2 and pTGro7 chaperonin plasmids were grown in 25 mL of Luria Bertani (LB) media containing the antibiotics chloroamphenicol (20 mg/mL) and ampicillin (100 mg/mL) at 37°C and 220 rpm overnight. This culture was then used to inoculate 6 Â 500 mL of Terrific Broth (TB) containing chloroamphenicol (20 mg/mL) and ampicillin (100 mg/mL). The culture was grown for 2.5 h at 37°C and 220 rpm. 0.1 mM δ-aminolevulinic acid was added and the culture was grown at 26°C and 160 rpm until OD 600 ¼1.0 was reached.
Cells were induced with 1 mM Isopropyl β-D-1-thiogalactopyranoside (IPTG) and 2 g of arabinose and left to grow for 44 h. The cells were subsequently centrifuged at 8000 rpm and 4°C for 15 min. using a Sorvall GSA (Thermo Scientific, Pittsburg PA) rotor. The cells were resuspended in a lysis buffer containing 0.1 mM DTT, 0.2 mM phenylmethanesulfonylfluoride (PMSF), and 5 mg DNase, and then lysed via sonication (5 Â 30 s on/off cycles). The membrane fraction was isolated using ultracentrifugation at 35,000 rpm and 4°C for 30 min. with a Ti-45 rotor (Beckman Coulter, Brea, CA). The pellet was resuspended in 0.1 M potassium phosphate buffer (KPi) containing 1.0% (w/v) sodium cholate, 20% glycerol, and 0.2 M NaCl (column buffer) at 4°C for four hours with stirring in order to extract the protein. The insoluble fraction was removed via a second ultracentrifugation at 35,000 rpm and 4°C for 30 min. and the supernatant was applied to a Ni-NTA column to purify His-tagged CYP2J2. Protein was eluted using column buffer containing 200 mM imidazole. The yield of the protein was $ 200 nmol/L.
Incorporation of CYP2J2 into Nanodiscs
Nanodiscs were prepared as previously described (McDougle et al., 2013) . A lipid mixture of 20:80 POPS:POPC in CHCl 3 was dried under a flow of N 2 gas. The dried lipids were then reconstituted in buffer containing 0.1 M KPi (pH 7.4) and 200 mM cholate. Membrane scaffold protein MSP1E3D1 was added (1:130 MSP:lipids) and allowed to incubate for half an hour at 4°C. Purified CYP2J2 was then added (0.1 M Kpi (pH 7.4), 20% glycerol, and 0.1% cholate) in a 1:10 CYP2J2:MSP ratio and incubated for one more hour before the addition of Amberlite beads to remove the detergent. This mixture was incubated overnight. Discs were purified via size-exclusion chromatography using an Alliance 2695 analytical separation module (Waters, Milford, MA) coupled to a Waters 996 photodiode array detector (Waters) and a Superdex 10/200 column (GE Healthcare).
Drug binding to CYP2J2-Nanodiscs in solution
Substrate binding was determined by monitoring the Soret shift from 420-390 nm. Absorbance spectra were taken using a Cary Bio 300 UV-vis spectrophotometer (Agilent Technologies, Santa Clara, CA). An initial spectrum of CYP2J2-Nanodiscs in 0.1 M KPi (pH 7.4) was taken at 37°C. Substrates were then titrated into this cuvette to saturating amounts. Total volume of organics remained o2% of the initial volume. To correct for the absorbance of the substrates, separate titration experiments were performed using empty Nanodiscs (without CYP2J2), and these readings were subtracted from the CYP2J2-Nanodisc spectra.
NanoLCA fabrication and characterization
The tapered nanohole array was made using a previously described method (Gartia et al., 2013) . Briefly, the plasmonic structures were prepared using a replica molding process. The mold consisting of a two dimensional square array of nanocup structures with a lattice constant of $ 350 nm was first prepared on a glass substrate using laser interference lithography. The two-dimensional square array was transferred to a flexible and optically transparent polyethylene terephthalate (PET) film by nanoreplica molding. To prepare the master substrate for transfer, the mold was cleaned and silanized (Repel-silane ES GE Healthcare, Sigma) for 30 min. followed by ethanol and DI water rinse. A 2 mL drop of UV-curable polymer (NOA-61) was evenly spread on the top of the nanocone master and a supporting PET sheet was carefully put on top of the polymer. The master with the polymer and PET sheet was then exposed to UV-light (105 mW cm À 2 ) for 60 s. After curing, the complimentary nanohole structures were transferred onto the polymer, which was peeled off carefully from the master mold to complete the transfer process. In order to make the device surface plasmon active, 90 nm of gold along with a 5 nm titanium adhesive layer was deposited using electron beam deposition (Temescal six pocket E-Beam Evaporator).
Immobilization of CYP2J2-Nanodiscs on nanoLCA and spectral measurements
A square device with a 2 cm side length was cut from the prepared nanoLCA and it was cleaned with isopropanol (IPA) and DI water followed by rinsing with IPA and drying with N 2 . The sensor was then treated with oxygen plasma (PICO plasma cleaner) for 60 s. and four separate circular wells were formed on the surface using PDMS applied with UV curable polymer (NOA-61). Each well held 45 mL of solution. To initiate CYP2J2-ND immobilization, each well was filled with a 10 mM 11-MUA solution in 70% ethanol and incubation was done at room temperature for 24 h. After immersion, each well was washed three times in 70% ethanol followed by drying with N 2 . CYP2J2-ND immobilization to the MUA monolayer occurred by EDC activation. Each well was filled with 10 mM EDC and 8 mM CYP2J2-ND in 10 mM potassium phosphate (KPi) buffer. The EDC and protein were mixed immediately before pipetting into the wells in order to minimize EDC self-reaction and CYP2J2-ND cross-linking. The sensor was incubated in the CYP2J2-ND solution for 1 h at 37°C. After incubation, each well was rinsed three times with DI water and dried with N 2 . Illumination and detection of binding events was accomplished with an upright microscope (Olympus BX51, PA, USA) with a halogen light source using a 20X objective and a portable spectrometer (Ocean Optics, Dunedin, FL). Successful immobilization of MUA and CYP2J2-ND was monitored by measuring the red shift in the transmission spectrum for each well of each device.
Substrate binding to CYP2J2-Nanodiscs on nanoLCA
A device containing four PDMS wells was used for a single substrate. Two of the wells were replicates used for a high concentration of the substrate, one well was used for a low concentration of the substrate, and the fourth well was used for the vehicle control, which was 10 mM KPi buffer. The seven substrates tested were the fatty acids AA and 2-Arachidonoylglycerol (2-AG), and the drugs doxorubicin (DOX), ebastine, MSPPOH, terfenadine (TFN), and danazol (DAN). Incubation was done for 30 min at 37°C. The dissociation constants for all drugs with CYP2J2-ND were measured using solution-based titrations and the maximum value was 20 mM. For the high concentration 300 mM was used and for the low concentration we used a value that was half of the measured dissociation constant for each substrate. After incubation, each well was rinsed with DI water three times and dried with N 2 before taking the transmission spectrum.
Data analysis
The light source transmission spectrum was measured after each binding step. Every transmission spectrum was then normalized with the light source spectrum for that step in order to obtain the transmissivity and was then smoothened by the Loess Method using OriginPro 9.1 (Origin Labs Inc., Northhampton, MA). It is expected that with a binding event there will be a corresponding shift in the plasmon resonance peak as well as a change in the peak intensity. Here the focus is on the spectral shift and not the intensity change; therefore all transmissivity data was normalized to one in order to better visualize the peak shifts. A Gaussian fit was then performed on each peak in order to obtain the plasmon resonance peak wavelength for each step using Ori-ginPro 9.1 (Origin Labs Inc., Northhampton, MA). The solutionbased absorbance data was processed using Matlab R2014a (MathWorks Inc, MA) by subtracting the substrate-free spectrum from each titration spectra. The resulting peak and trough differences were then plotted and fitted to the Michaelis-Menten equation using OriginPro 9.1 (Origin Labs Inc., Northhampton, MA).
FDTD simulation
3D-FDTD (finite difference time domain) electromagnetic numerical computation was performed by using the FDTD software package from Lumerical Solutions. The total simulation region was set to 350 nm Â 350 nm Â 800 nm. The boundary conditions in the x and y directions were set to be periodic to present the array effect of the nanoLCA device. The perfect matching layer (PML) was applied in the z-directional boundary condition to minimize the simulation error from boundary reflection. The x-axis polarized plane wave was set to propagate normal to the substrate ( À z direction). Modeling of the nanostructure was based on dimensions measured by SEM images of the nanoLCA device. The mesh size was set to be 5 nm in order to minimize stair-case and dispersion errors.
Results and discussion
Substrate binding to CYP2J2-Nanodiscs
Detection of substrate binding to CYP2J2-NDs on the nanoLCA sensor required immobilization of CYP2J2-NDs with the active site of CYP2J2 available. Fig. 1(A) shows a schematic of an immobilized CYP2J2-ND on the nanoLCA and Fig. 1(B) shows a schematic of the binding of AA to CY2J2's active site. Fig. 1(C) shows a schematic of a single cup with a low concentration of CYP2J2-ND binding on the nanoLCA surface. The morphology of the nanoLCA device was confirmed by AFM as shown in Fig. 1(D) . Overall, the sensor top surface has uniform hole sizes with few defects. After metal deposition, the nanohole diameter is 180 nm and the periodicity of the holes (distance between two neighboring holes) is 350 nm as measured from SEM images and AFM line scans as shown in Figs. S1 and S2. The type of binding and dissociation constants of the substrates with CYP2J2-ND were determined by solution-based absorption spectroscopy titration assays. The binding titration data of TFN and DAN with CYP2J2-ND is shown in Fig. 2(A) and (B) , respectively. The absorbance difference spectra were measured at varying concentrations of the two drugs. The difference between the peaks and troughs of the absorbance difference spectra were then plotted for the increasing concentrations. The dissociation constants for the two drugs were then determined by fitting the plot to the Michaelis-Menten equation given as A
where A is the absorbance, A max is the maximum absorbance, [S] is the concentration of the substrate, and K S is the spin state constant. For P450s, the dissociation constant, K D, is approximated by K S as determined by measuring the absorbance shift as substrates bind near the heme and change the spin state of the iron from low to high spin states in the case of type I binding, resulting in a blue shift in the Soret at 417 nm. Substrates that coordinate the iron of the heme are termed type II substrates and produce characteristic red shifts of Soret at 417 nm. By titration assays, the dissociation constants of the substrates with CYP2J2-ND were found to be 11.3 7 1.3 mM for AA, 13.1 7 1.4 mM for 2-AG, 5.6 7 0.7 mM for ebastine, 10.8 7 1.5 mM for MSPPOH, 5.6 mM for TFN, and 1.44 mM for DAN. The dissociation constants for AA, 2-AG, ebastine, and MSPPOH with CYP2J2-ND were determined before. (McDougle et al., 2013 (McDougle et al., , 2014 . Due to the high absorption of DOX around 417 nm, DOX's signal occludes the heme absorption and the dissociation constant of DOX with CYP2J2-ND cannot be determined by this conventional titration assay.
Substrate response curves and CYP2J2-Nanodisc surface coverage on nanoLCA sensor
Given these experimental values for the dissociations constants, we determined the response curve for the number of molecules on the sensor surface as a function of concentration of the substrate in solution, as shown in Fig. 3 . As can be seen, despite the fact that the dissociation constants for the six measured substrates are the same order of magnitude, there is a detectable difference of the response of CYP2J2-NDs at a wide range of substrate concentrations. The separation between two molecules (d) at a certain concentration was calculated as d C 1.18
, where d is in nm and C is in M. At a concentration of $ mM, the distance between two CYP2J2-NDs will be $ 118 nm. Therefore, in 1 mM 2 area we can fit about 81 CYP2J2-NDs (assuming a mass of 320 kDa and a minimum diameter of 9 nm for each CYP2J2-ND). The maximum coverage on our sensor is calculated to be 383 pg cm 2 Γ = − , which corresponds to a monolayer of protein covering approximately 50% of the surface. Details of the calculations performed to determine the separation between molecules, CYP2J2-ND molecular weight, and height of CYP2J2-ND/MUA system are given in the Supplementary information. The binding and unbinding interactions between immobilized CYP2J2-ND and the target drug were modeled with the following equation:
where k on and k off are the reaction coefficients for binding and release of substrate molecules, respectively. In terms of surface coverage Eq.
(2) can be written as:
where max Γ is the surface coverage when no more sites are available for substrate binding and C is the concentration of the substrate. Note that k on and k off have different units: M À 1 s À 1 for k on and s À 1 for k off .
Solving Eq.
(3) with the boundary condition 0 0 Fig. 2 . UV-vis determination of TFN and DAN binding to CYP2J2. Binding was determined by measuring the heme absorbance (Soret) shift to higher wavelengths as the substrate binds and produces a higher spin state of the system. (A) TFN was titrated from 0 to 4 μM and the substrate-free spectrum was subtracted from each titration (inset). The resulting differences of the peaks and troughs were then plotted and fitted to a Michaelis-Menten curve to determine a K S of 5.6 μM, which approximates K D . (B) DAN was titrated from 0 to 80 μM and the K S (1.44 μM) was determined similarly to (A). approximated as K S for P450s.
FDTD simulation of substrate binding to cytochrome P450 in Nanodiscs on the nanoLCA sensor
In order to predict the plasmonic peak shift of P450s on the nanoLCA sensor following substrate binding, FDTD was used to simulate three different conditions, i.e. P450 binding with (1) no substrate, (2) with type I substrate and (3) with type II substrate. The real part of refractive index was calculated from Kramers-Kronig relations for all three cases. The imaginary parts of these three cases, which corresponds to absorption coefficient, are based on measured data and shown in Fig. 4(A) . The measured absorbance spectra and the simulated transmission spectra of all three cases are shown in Fig. 4(B) and (C) respectively. It can be observed that the resonance peak at 465 and 605 nm of P450 with no drug binding underwent a blue shift to 462 and 598 nm with the binding of a type I substrate. On the other hand, when a type II substrate was applied to bind on the surface of the nanoLCA, these two resonance peaks were red shifted to 472 and 608 nm. These shifts agrees with previous results (Das et al., 2009) . Fig. 4(D) and (F) shows the calculated electric field distribution in z-direction for P450, P450 with type I substrate, and P450 with type II substrate, respectively. The electric field for P450 without substrate and with type II substrate are mostly dipolar in nature, whereas for type I substrate, the electric field is quadrupole in nature (Fig. S12 ). Due to strong charge accumulation on top side of the nanohole rim ( Fig. 4(E) , the effective dipole moment of the system is increased for the type I substrate case compared to without substrate and with the type II substrate case. The increased dipole moment induces a higher restoring force for the plasmons, which leads to a shift of the plasmon resonance to higher energy (blue shift in the resonance wavelength).
CYP2J2-Nanodisc immobilization and nanoLCA reliability
A representative red shift in the transmission peak for a single well corresponding to immersion of the nanoLCA sensor in MUA and the CYP2J2-ND/EDC solution is shown in Fig. 5(A) . In order to assess the overall success of immobilization and the reliability of the nanoLCA sensor, the average and standard deviation of the plasmon resonance peak wavelength in air was determined for all wells used in this study. The averages and standard deviations of the shifts after MUA and CYP2J2-ND/EDC immersion were also determined. The raw transmission spectra in air for the nanoLCA wells are given in Fig. S5 . While between wells there is a variation in intensity, the centroids of the peaks are consistent. The plasmon resonance wavelength in air was 538 7 2 nm, as shown in Fig. 5(B) , with a FWHM of 69 73 nm. Within a single device, the standard deviation of the peak position and FWHM decreases even further as shown in Fig. S6 . The shift following MUA immobilization was 27 4 nm and the shift from air following CYP2J2-ND binding was 57 2 nm. The shift for the vehicle control, containing only the 10 mM KPi buffer, never exceeded 1 nm. SEM images and a MA-TLAB program was used to examine variation of a single sensor on the microscale. SEM images used for the analysis along with histograms of hole diameter and periodicity are shown in Figs. S7-S11. Fig. 4 . FDTD simulation of P-450 and substrate system (type I and type II) on top of the nanoLCA. (A) Real (n) and imaginary (k) part of the refractive index of CYP3A4 used for the electromagnetic (FDTD) simulation. (B) Normalized absorbance spectra of CYP3A4 obtained experimentally, before and after substrate binding. The black spectrum is for CYP3A4 without any substrate, the blue spectrum is for CYP3A4 with type I substrate showing blue shift of the peak resonance wavelength position, and the red spectrum is for CYP3A4 with type II substrate showing red shift of the peak resonance wavelength position. (C) Transmission spectra obtained from FDTD simulation showing CYP3A4 before (black), and after substrate binding (blue curve is for type I substrate and red curve is for type II substrate). (D and F) Calculated electric field in z-direction for CYP3A4 (D), for CYP3A4 with type I substrate (E), and for CYP3A4 with type II substrate (F).
3.5. Spectral shifts of CYP2J2-Nanodiscs after substrate binding Table 1 gives a summary of the seven substrates tested for their solution-based and surface-based binding with CYP2J2-NDs. From the solution-based absorbance data, it was determined that all seven substrates (AA, 2-AG, ebastine, MSPPOH, TFN, DAN, and DOX) result in a blue shift in the Soret band of CYP2J2-ND and therefore are classified as type I substrates for this cytochrome P450 protein. As expected for type I substrates, the spectral shift of immobilized CYP2J2-ND on the nanoLCA sensor following substrate binding was consistently to lower wavelengths (blue shift). Despite the fact that the dissociation constants of the seven substrates used here are similar, substrate-dependent shifts were measured in addition to concentration-dependent blue shifts. Fig. 5(C) shows a representative blue shift in the transmission spectrum plasmon resonance peak of CYP2J2-NDs immobilized on Table 1 Substrate binding to CYP2J2-NDs in solution and on the nanoLCA sensor. The binding type and dissociation constants were determined using the spectral titration shift method typical for CYPs. The direction of the plasmonic shift corroborates the binding type (type I). Concentration-dependent plasmonic shifts are given as high and low concentrations.
Drug
Binding 5. (A) A representative red shift in the transmission spectra following MUA immobilization and CYP2J2-ND binding with the peak wavelength at each step noted in the legend. (B) A bar graph showing the average plasmon resonance peak wavelength across all wells. The spectral blue shift from a high (C) and low (D) concentration of ebastine binding with immobilized CYP2J2-ND along with the shift corresponding to 10 mM KPi buffer alone (E). The lower panel bar graph shows the shifts on the nanoLCA corresponding to seven different type I substrates at high and low concentrations (F). The high concentration bar corresponds to the average of the two wells with an error bar denoting the standard deviation.
the nanoLCA sensor following immersion in a solution containing a high concentration of ebastine. For comparison, Fig. 5(D) and (E) show the shift after immersion in a low concentration of ebastine and the 10 mM KPi buffer, respectively. The lower concentration of the substrate leads to a lower magnitude spectral blue shift on the nanoLCA and incubation in the KPi buffer alone does not lead to a detectable shift. Additional transmission spectra are shown for AA, 2-AG, and MSPPOH in Fig. S13. Fig. 5(F) shows a bar graph summary of the blue shifts corresponding to substrate binding to CYP2J2-NDs on the nanoLCA sensor for all seven substrates at high and low concentrations.
3.6. Colorimetric detection of substrate binding to CYP2J2-Nanodiscs
The nanoLCA sensor has a single transmission peak in the visible range and therefore bright-field microscope images can be used to detect spectral shifts following substrate binding. In order to carry out the image analysis, the original image of 2048 Â 2048 pixels with 24 bit depth was first converted to an 8 bit image by separating the red, green, and blue channels in ImageJ software. Fig. 6(A) shows the intensity of the green channel for MUA, CYP2J2-ND, and ebastine binding in sequence on the nanoLCA false colored in the intensity ranges of 0-255. The average intensity of the red, green, and blue color channels for MUA, CYP2J2-ND, and ebastine is shown in Fig. 6(B) . All three color channels follow a similar pattern showing an overall intensity increase. Fig. 6 (C) shows the intensity percentage, calculated as the average intensity of each color channel divided by the sum of the average intensity for each color channel. It can be seen that from MUA to CYP2J2-ND there is a detectable increase in the red and green intensity percentages and a detectable decrease in the blue intensity percentage between the images. These changes in the intensity percentages of the red, green, and blue color channels match what would be predicted for a spectral red shift on the nanoLCA device, corresponding to the spectral data we collected for CYP2J2-ND binding to immobilized MUA. From CYP2J2-ND to ebastine, there is a detectable decrease in the red intensity percentage and a detectable increase in the green intensity percentage. The changes in the color channel intensity percentages indicate that a blue shift is occurring on the nanoLCA device, confirming the spectral data we collected for ebastine binding to CYP2J2-ND. The potential use of the nanoLCA sensor for detecting drug binding to P450s by image analysis alone could drastically improve assay speed allowing high-throughput screening of hundreds of drugs binding to P450s simultaneously.
3.7. Discussion of detection of substrate binding to CYP2J2-Nanodiscs on nanoLCA
Overall, these results suggest that the nanoLCA sensor allows spectral and colorimetric analysis of substrate binding to CYP2J2-NDs that can be carried out using a bright-field microscope, camera, and portable spectrometer. The development of a platform for high-throughput screening of drug binding to P450s will require a device with a small footprint, low cost, sensitive detection, and that can allow parallel detection of hundreds of different drugs at different concentrations. Nanoplasmonic sensors are an excellent candidate since they can be easily miniaturized. In particular, nanohole sensors only require a light source and portable spectrometer for data acquisition. The spectral reliability of the nanoLCA sensor that we have reported here potentially allows quantitative detection of the binding of different substrates at different concentrations to P450s. We have shown that our method can be used to detect different substrates of the same binding type. A FDTD simulation study confirmed the spectral blue shift of type I binding on the nanoLCA device. In addition, we have also presented the potential to use the nanoLCA device to perform colorimetric detection of substrate binding to CYP2J2-NDs due to its distinct spectral properties. This technology should also be reusable with substrates that bind in equilibrium, as it would only require washing with buffer to unbind them. Fig. 6. (A) Images of the green channel intensity for Air, MUA, CYP2J2-ND, and ebastine. The changes in average intensity for the three color channels for MUA, CYP2J2-ND, and ebastine are plotted in (B) and the percent intensity, calculated as the average intensity of the color channel divided by the total average intensity for the image, is plotted in (C).
Conclusion
Here we have reported the application of a nanoLCA sensor to the detection of substrate binding to CYP2J2-NDs. The nanoLCA fabrication method relies on wafer-scale nanoreplica molding, which results in uniform sensors with minimal defects. We found the spectral properties of the nanoLCA sensor to be highly reliable, which allowed the detection of substrate dependent and concentration dependent blue shifts, corresponding to the binding of type I substrates to CYP2J2-NDs. Our results were confirmed by traditional solution-based absorption spectroscopy and a FDTD simulation study. We also demonstrated the ability to use brightfield microscope images alone to extract spectral information, based on the fact that the nanoLCA spectrum consists of a single transmission peak in the visible. This study indicates that the nanoLCA sensor has a strong potential for the future development of a high-throughput spectroscopic on-chip method for detecting drug binding to cytochrome P450 proteins.
